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Nucleotidases  are  phosphatases  that catalyze  the  removal  of phosphate  from  nucleotides,  compounds
with an  important  role  in plant  metabolism.  A  phosphatase  enzyme,  with  high  afﬁnity  for nucleotides
monophosphate  previously  identiﬁed  and puriﬁed  in embryonic  axes  from  French  bean,  has  been  ana-
lyzed  by MALDI  TOF/TOF  and  two internal  peptides  have  been  obtained.  The  information  of these  peptide
sequences  has  been  used  to  search  in  the genome  database  and  only  a candidate  gene  that  encodes  for  the
phosphatase  was identiﬁed  (PvNTD1).  The  putative  protein  contains  the  conserved  domains  (motif  I–IV)
for  haloacid  dehalogenase-like  hydrolases  superfamily.  The  residues  involved  in  the catalytic  activity
are  also  conserved.  A recombinant  protein  overexpressed  in Escherichia  coli  has shown  molybdate  resis-hosphatase
ucleotidase
ucleotide monophosphate
ucleoside
ermination
tant  phosphatase  activity  with  nucleosides  monophosphate  as  substrate,  conﬁrming  that the  identiﬁed
gene  encodes  for the  phosphatase  with  high  afﬁnity  for  nucleotides  puriﬁed  in  French  bean embryonic
axes.  The  activity  of the  puriﬁed  protein  was  inhibited  by  adenosine.  The  expression  of PvNTD1  gene
was  induced  at  the  speciﬁc  moment  of radicle  protrusion  in  embryonic  axes.  The  gene  was  also  highly
expressed  in  young  leaves  whereas  the  level  of expression  in  mature  tissues  was  minimal.
thor©  2015  The  Au
. Introduction
Nucleotides are some of the most crucial molecules for plant
rowth, development and metabolism. Nucleotides are build-
ng blocks for RNA and DNA synthesis and represent the main
orm for cellular energy currency. Furthermore, nucleotides act
s cofactors for enzymes, as secondary messengers as well as
hey constitute biosynthetic precursors for generation of several
ellular polymers. Nucleotide synthesis is performed in mitochon-
ria from heterotrophic cells and in chloroplasts from autotrophic
ells (Haferkamp et al., 2011). However, the use of nucleotides
s widespread throughout the entire cell and some mechanisms
ust coordinate its absolute and relative levels in those compart-
ents, and the relative levels of mono-, di-, and triphosphate forms
Zrenner et al., 2006). In this context, efﬁcient transport systems
cross the different cellular compartments are required, and in fact,
ransport systems for nucleobases are found in plants in a large
umber (reviewed in Möhlmann et al., 2010; Haferkamp et al.,
011).
∗ Corresponding author. Fax: + 34 957 218358.
E-mail address: bb2pimop@uco.es (P. Piedras).
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176-1617/© 2015 The Authors. Published by Elsevier GmbH. This is an open access artic
.0/).s.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Nucleotide metabolism has been more studied in animals than
in plants due to its medical applications, in the development of
anticancer drugs and research carried out in hereditary diseases
(Zrenner et al., 2006). In plants, however, the knowledge about
the biosynthetic routes, the degradation processes and recycling
of nucleotides remains incomplete (Stasolla et al., 2003; Zrenner
et al., 2006; Werner and Witte, 2011). Nucleotide metabolism has
a relevant function in some legumes as ureide precursors, which are
molecules used for the transport of nitrogen from nodules to aereal
parts. In ureide legumes, that include French bean and soybean, the
ureides represent almost 90% of total nitrogen transported through
xyleme under nitrogen ﬁxing conditions (Todd et al., 2006; Diaz-
Leal et al., 2012).
Nucleotide metabolism can be divided into four processes:
de novo synthesis, salvage pathways, nucleotide degradation
and phosphotransfer reactions (Zrenner et al., 2006). Whereas
the de novo synthesis of nucleotides is very energy consum-
ing, the utilization of preformed bases and nucleosides through
the salvage strategy needs less energy (Zrenner et al., 2006).
The salvage pathways may  be important in certain tissues, espe-
cially in non-growing cells that may  be able to maintain their
pools of nucleotides by salvaging previously used nucleosides
with little de novo synthesis. In contrast, de novo synthesis of
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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ucleotides is the main pathway used by growing and divid-
ng cells. Despite its important contribution to plant metabolism,
any aspects of nucleotide metabolism are still poorly understood,
erhaps because the complexity of the multiple biochemical reac-
ions involved in de novo synthesis, degradation an conversion of
ucleotides, nucleosides and nucleobases.
The salvage and de novo synthesis converge at the formation
f nucleoside monophosphates, which are the potential substrates
f 5′-nucleotidases, enzymes that catalyse the ﬁrst step in the
egradative pathway. Nucleoside kinases catalyse the reverse reac-
ions to 5′-nucleotidases, and these opposite reactions exist for
lmost all the nucleoside–nucleotide pairs (Bogan and Brenner,
010). The relative activity of phosphorylation versus dephospho-
ylation could be the responsible of the balance between synthesis
nd degradation (Bogan and Brenner, 2010). It has been postu-
ated that 5′-nucleotidase activities are regulated according to the
ucleotide–nucleoside ratio of the cells (Bogan and Brenner, 2010).
espite the recent progress in genes and enzymes involved in the
ynthesis of ureides, the phosphatase activity that catalyses the
ephosphorilation of nucleotides in the degradation pathway of
ucleotides has not been yet identiﬁed. Similarly, the informa-
ion about genes encoding 5′-nucleotidase in plants is very scarce,
espite the availability of the complete genomes of several plant
pecies. The use of databases to identify conserved domains can
e the only clue to identify the cellular or molecular function of
 protein, because they indicate local or partial similarity to other
roteins, some of which may  have been experimentally character-
zed.
The purpose of the present study has been to identify by MALDI
OF/TOF the puriﬁed enzyme that catalyses dephosphorylation of
urine nucleotides and to study the nucleotidase under different
hysiological conditions at gene expression level and determina-
ion of nucleotidase activity in crude extracts.
. Materials and methods
.1. Plant material and growth condition
Common bean (Phaseolus vulgaris L. cv. Great Northern) seeds
ere surface-sterilised in ethanol (30 s) and 0.2% (w/v) sodium
ypochlorite (5 min) and then washed thoroughly with distilled
ater. The soaked seeds were allowed to germinate in Petri dishes
120 mm diameter) with wet paper in sterile conditions. The
oisture was maintained by regularly adding solutions to the
ishes. Three days after germination, seeds were sown on ver-
iculite:perlite (2:1, w/w)  pots (16 cm diameter, 18 cm height).
eedlings were inoculated with a fresh suspension of Rhizobia,
hich had been incubated at low temperatures (28 ◦C) for less
han 30 h. Plants were cultured in a growth chamber under a
ong-day photoperiod (16 h light, 8 h dark), 300 mol  m−2 s−1,
nd 70% relative humidity at 26–21 ◦C (day–night temperatures).
noculated plants were watered three times a week with nitrogen-
ree nutrient solution (modiﬁed form Harper and Gibson, 1984)
0.10 mM KH2PO4, pH 6.5; 0.30 mM K2SO4; 0.20 mM MgSO4;
.11 mM CaCl2; 0.25 mM FeSO4; 46 M H3BO3; 12.30 M MnSO4;
.77 M ZnSO4; 0.32 M CuSO4 and 0.63 M Na2O4Mo). Plant
aterial was collected 3 h into the light period at indicated days
fter the treatments, frozen with liquid nitrogen and stored at
80 ◦C until further analysis.
To carry out the analysis during germination and seedling devel-
pment, the seedlings were maintained in Petri dishes and the
mbryonic axes were isolated at 1–5 days after the start of imbibi-
ion.
To perform the analysis in adult plants, the following sam-
les were collected in plants after 28 days of growth: roots aftert Physiology 185 (2015) 44–51 45
carefully removal of nodules, mature and immature leaves, shoots
after removal of leaves. The pods were obtained from plants in the
reproductive stage.
Studies during the development of the leaves were done using
plants at the vegetative stage and harvesting only the fourth trifoli-
ate leaves. Leaves were classiﬁed into four stages based in the length
of the middle leaﬂet of the fourth trifoliate leaves: A ﬁrst stage in
which the middle leaﬂet ranged between 5 and 20 mm,  a second
stage between 20 and 40 mm,  a third stage comprising leaves in
which the middle leaﬂet ranged between 40 and 60 mm length;
and a fourth stage with leaves completely expanded and devel-
oped. All the samples were harvested before the plants reached the
reproductive stage.
2.2. Preparation of crude extracts
Crude extracts were obtained from frozen plant material previ-
ously stored at −80 ◦C. Plant material was  ground to a ﬁne powder
with liquid nitrogen. Plant extracts were obtained by adding 5 ml
of extraction buffer 50 mM TES (pH 7.0) and sodium deoxycholate
(0.15%, w/v) per gram of tissue. The resulting homogenate was cen-
trifuged at 15 000 × g for 10 min  at 4 ◦C and the supernatant was
considered as the crude extract.
2.3. Identiﬁcation of a protein with nucleotidase activity by
ﬁngerprint
The 5′-nucleotidase from common bean embryonic axes was
puriﬁed to electrophoretic homogeneity as previously indicated
(Cabello-Diaz et al., 2012). The puriﬁed protein was subjected
to mass spectrometry MALDI–TOF/TOF, at the Proteomic Unit
of “Servicio Central de Apoyo a la Investigación” (SCAI, Uni-
versity of Córdoba). The protein puriﬁed was  separated by
SDS-polyacrylamide gel electrophoresis, the gel stained with
Coomassie brilliant blue and the corresponding band excised and
analysed by using an equipment 4700 Proteomics Analyzer, Applied
Biosystems.
The identiﬁcation of the protein was  performed using GPS
(Global Protein Server) with data TOF–TOF, combining both types of
spectra (MS–MS/MS) and using as search engine MASCOT (Matrix-
Science, UK). A BLAST search against the Phytozome database with
the amino acids sequence from protein identiﬁed by ﬁngerprint
was carried out.
2.4. RNA isolation and cDNA synthesis
Total RNA was  isolated from several tissues using the
TRI REAGENT® RNA/DNA/Protein Isolation Reagent (Molecular
Research Center). Prior to RT-PCR, total RNA was treated with
RNAase-free DNAseI (Promega) at 37 ◦C for 30 min  to eliminate any
traces of genomic DNA. First strand cDNA synthesis was performed
with 2.5 g of RNA using a iScript cDNA synthesis kit (Bio-Rad).
2.5. Cloning into the pET30b(+) expression vector
The plasmid vector pGEM-T (Promega) and Eschirichia
coli DH5Fı´ cells were used for standard cloning. To over-
express the recombinant protein, E. coli BL21 cells and the
plasmid vector pET30b(+) (Novagen) were used. The plas-
mid  pET30b(+), harbors the codons to add to one or both
ends of the recombinant protein a histidine tag, which allows
puriﬁcation and identiﬁcation. The ORF region of PvNTD1
(Phvulv091001267m) was  ampliﬁed with the primers NTE1
(5′-GTCGACATGGATTCCGGCGTGTGTCTGTTG-3′) containing a
restriction site for SalI and NTE2 (5′-TGCGGCCGCCTATGGAAT
ATAGTACATT-3′) that contains a restriction site for Not I. PCR
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mpliﬁcation was performed by using a Advantage 2 PCR kit
Clontech). The PCR program used was 95 ◦C for 2 min, followed
y 35 cycles of 95 ◦C for 1 min, 70 ◦C for 1 min  and 72 ◦C for 90
, and 10 min  ﬁnal extension at 72 ◦C during 10 min. The PCR
roduct was puriﬁed using QIAquick kit (Qiagen) and ligated into
he cloning vector pGEM-T. The ligation product was used to
ransform E. coli DH5alfaFı´ cells. The plasmid pGEM-T containing
he cloned sequence and the plasmid pET30b(+) were digested
ith restriction enzymes NotI and Sal I. After electrophoresis,
oth DNA fragments were puriﬁed using QIAquick kit (Qiagen),
igated and the ﬁnal construct was inserted into E. coli BL21 cells
Novagen). The ﬁnal construct was sequenced to conﬁrm the
bsence of mutations.
.6. Expression and puriﬁcation of the recombinant protein
The transformed cells were grown in 3 ml  LB media supple-
ented with 50 mg/l kanamycin and grown overnight at 37 ◦C.
fter, 1 ml  of the overnight grown culture was added to 50 ml
B media supplemented with 50 mg/l kanamycin and incubated
t 37 ◦C until OD600 of 0.5–0.6 was achieved. Isopropyl--d-
hiogalactopyranoside (IPTG) at a ﬁnal concentration of 0.5 mM was
dded and the cultures were incubated at 37 ◦C for 2 h to induce
eterologous protein expression. After induction, cells were har-
ested by centrifugation at 2000 × g and 4 ◦C for 10 min  and the
ellet stored at −20 ◦C until puriﬁcation.
The pellet was resuspended in 4 ml  of lysis buffer (50 mM
RIS–HCl pH 7.8; 1 mM PMSF; 0.5 M NaCl and 6 M urea) and cells
ere lysed by sonication on a Vibra Cell (Sonics and Materials Inc.)
sing 6 pulses of 5 s each, at all times keeping the samples on ice.
fter sonication, the homogenate was centrifuged at 12 000 g for
5 min  at 4 ◦C. The supernatant was used as crude extract.
The crude extract was passed through a Nickel Chelating
epharose column (1 ml,  GE Healthcare) equilibrated with lysis
uffer. The column was washed with 5 column volumes of washing
uffer (50 mM TRIS–HCl pH 7.8; 1 mM PMSF; 0.5 M NaCl; 6 M urea
nd 50 mM  imidazole). The protein was eluted with 2 column vol-
mes of elution buffer (50 mM TRIS–HCl pH 7.8; 1 mM PMSF; 0.5 M
aCl; 6 M urea and 0.5 M imidazole).
The eluted protein was sequentially dialysed in 12 h periods
f the following dialysis buffers: buffer I (50 mM Tes-NaOH pH 7;
 mM MgCl; 0.25 M NaCl; 4 M urea; 6 mM cysteine and 10% glyc-
rol), buffer II (50 mM Tes-NaOH pH 7; 1 mM MgCl; 0.25 M NaCl;
 M urea; 3 mM cysteine and 10% glycerol) and buffer III (50 mM
es-NaOH pH 7; 1 mM MgCl; 0.25 M NaCl and 2.5% glycerol). The
ialysed protein was keep at −20 ◦C until use.
.7. Gel electrophoresis, Western blot analysis and protein stain
Proteins were separated in 10% SDS-PAGE gels by using a con-
tant voltage (100 V) in a Mini PROTEAN III system (Bio-Rad). After
eparation, proteins were electro-transferred to PVDF (polyvinyli-
ene ﬂuoride) membrane (Sigma–Aldrich). To detect His-tagged
rotein, blots were incubated with a monoclonal anti-polyhistidine
ntibody (H1029, Sigma–Aldrich) at 1:10000 dilution. Anti-mouse
G, alkaline phosphatase conjugated (A3562, Sigma–Aldrich) was
sed as secondary antibody at a 1:12500 dilution and the
mmunoreaction was developed with 5-bromo-4-chloro-3-indoyl
hosphate p-toluidine salt and nitro-blue tetrazolium chloride as
ubstrates. Coomassie-blue stain was performed as described in
ehr et al. (1989) and silver stain was performed as indicated by
eukeshoven and Dernick (1985).t Physiology 185 (2015) 44–51
2.8. Enzymatic activity
Nucleotidase activity was  determined by monitoring the phos-
phate concentration in reaction mixtures according to Katewa and
Katyare (2003). Unless otherwise stated, the standard reaction
mixture for recombinant protein puriﬁed from E. coli contained
50 mM MES–HCl buffer (pH 5.5), 1 mM MgCl2, 5 mM substrate and
an adequate amount of enzyme. The standard reaction mixture
for nucleotidase activity in plant crude extracts contained 50 mM
TES–NaOH buffer (pH 7.0), 1 mM MgCl2, 5 mM molybdate, 0.5 mM
AMP  and an adequate amount of extract. The reactions were initi-
ated by the addition of the enzyme and were performed at 37 ◦C.
Aliquots of 0.2 ml  were extracted at several times and placed into
tubes containing 0.6 ml  of 1 N sulphuric acid. After mixing, 0.1 ml
of 2.5% (w/v) of ammonium molybdate (prepared in 3 N sulphuric
acid) and 0.1 ml  of reducing solution (2% (w/v) of ascorbic acid
and 2% (w/v) of hydrazine sulphate, prepared in 0.1 N sulphuric
acid) were added. The samples were shaken and incubated at room
temperature for 50 min. After, the absorbance at 820 nm was deter-
mined.
One unit of enzyme is deﬁned as the amount of enzyme that
catalyses the formation of 1 mol  of phosphate per minute.
2.9. Real time PCR
Quantitative RT-PCR (qRT-PCR) was  carried out with
an iCycler iQ system using the iQ SYBRGreen supermix
(Bio-Rad) and the PvNTD1 gene-speciﬁc primers NTD-D1
(5′- GAAGTGGTCGGGAATTTGTCG-3′) and NTD-R1 (5′-
ATCTCAAACCCGAATCCAATGTC-3). The PCR program consisted of
an initial denaturation of 5 min  at 95 ◦C, followed by 40 cycles of
15 s at 95 ◦C, 30 s at 60 ◦C and 30 s at 72 ◦C. After the ﬁnal cycle, a
melting curve analysis was  performed over a temperature range
of 60–100 ◦C by increments of 0.5 ◦C in order to verify the reaction
speciﬁcity. Analysis of relative gene expression was achieved by
using Actin -2 (gene ID. EU369189) as reference gene, and Actin-D1
(5′-GGAGAAGATTTGGCATCACACGTT-3′) as forward and Actin-R1
(5′-GTTGGCCTTGGGATTGAGTGGT-3′) as reverse primers. Results
were normalized as previously described by Galvez-Valdivieso
et al. (2013).
2.10. Analytical determination
Protein concentration was determined by the Bradford method
(Bradford, 1976) using the Bio-Rad system and bovine serum albu-
min  as the standard. The concentration of ureides (allantoin and
allantoate) was determined by the colorimetric analysis of glyoxy-
late derivatives as described previously by Quiles et al. (2009).
2.11. Statistical analyses
All results are means of three independent experiments with
two technical replicates for experiment. Values are mean ± SE. Sta-
tistical analyses were performed with SPSS Statistics, version 17.0,
using unifactorial ANOVAs. The homoscedasticity was  determined
using the Levene test, and least signiﬁcant difference (LSD) statis-
tics were applied for variables with homogeneity of variance. In
the ﬁgures, the letters represent signiﬁcant differences (P ≤ 0.05)
between the studied conditions.
3. Results3.1. Identiﬁcation of a cDNA encoding a putative nucleotidase
The molybdate resistant phosphatase puriﬁed from French bean
seedlings was  subjected to SDS-PAGE analysis. The Coomassie
J.M. Cabello-Díaz et al. / Journal of Plant Physiology 185 (2015) 44–51 47
Fig. 1. Urea effect of puriﬁed protein A) The puriﬁed protein was  mixed with loading
buffer containing SDS, DTT and boiled for 5 min. B) The puriﬁed protein was mixed
the same loading buffer as above but supplemented with 8 M urea and was  boiled
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Table 1
Substrate speciﬁcity of recombinant phosphatase. Enzymatic activity with the listed
substrates at a ﬁnal concentration of 5 mM was assayed as described in Section 2.
Activity with IMP  was taken as 100%. Data are mean values (±SE) of four indepen-
dent determinations. Different letters indicate statistically signiﬁcant differences
according to LSD analysis (P ≤ 0.05).
Substrate Activity
IMP 100 ± 12 (ab)
GMP  98 ± 7 (ab)
AMP  60 ± 7 (c)
UMP 92 ± 9 (a)or  15 min. Both samples were loaded onto SDS-PAGE and after electrophoresis the
el  were silver stained. The positions of the molecular weight markers are showed
t  the left of the ﬁgure.
tained band was excised from the gel and used for MALDI
OF/TOF analysis. The peptide mass ﬁngerprinting obtained after
rypsin digestion did not give positive results in the database
earch. However, some of the peptides that showed high intensity
ere further analysed by mass spectrometry. Using the program
EAKS as searching engine, two peptide sequences were identi-
ed: AVETNNAGPWER and VPANCVDFVAEYISGE (Supplementary
ig. 1A). These peptide sequences were used to search in the P. vul-
aris database (www.phytozome.org) and the Phvul.004G174200
ene was identiﬁed. We  named the gene as PvNTD1. The PvNTD1
ull-length cDNA sequence is 1063 bp in nucleotide length, and its
RF was 756 bp long, encoding a 251 amino acids peptide with
 predicted molecular weight of 28.5 kDa (Supplementary Fig. 1B).
he phosphatase puriﬁed from French bean has a molecular weight
f 55 kDa when analysed by SDS-PAGE under reducing conditions.
evertheless, the treatment of puriﬁed protein with 8 M urea and
eat for 15 min  under reducing conditions resulted in a single band
f 28 kDa (Fig. 1).
According to TargetP program, the predicted protein follows
he secretory pathway. Further, PvNTD1 contained the domains
onserved for haloacid dehalogenase-like hydrolases superfamily,
onsisted of motifs I–IV (Fig. 2). The alignment of the deduced
mino acid sequence with other homologous sequences identiﬁed
n the GENBANK database using BLAST searches is shown in Fig. 2.
his alignment revealed that the deduced sequence for PvNTD1
hares high identity (78%) with the protein from Glycine max.
.2. Heterologous expression
The ORF of PvNTD1 was cloned into vector pET30b(+) and then
ransformed into E. coli BL21 (DE3) cells. Expression of the recom-
inant protein was induced by IPTG and the puriﬁed protein was
nalysed by SDS-PAGE and Western blot. These analyses revealed
hat the overproduced enzyme was mainly in the insoluble fraction
inclusion bodies). Although the amount of protein in the solubleCMP  88 ± 9 (a)
p-NPP 112 ± 13 (b)
fraction was near negligible, there was  an increase in nucleoti-
dase activity in the crude extracts obtained from induced bacterial
culture.
The recombinant protein was puriﬁed to near homogeneity by
a single step consisting of a nickel chelating resin chromatography
after adding 6 M urea as denaturing agent through the puriﬁcation
process (Supplementary Fig. 2). The puriﬁed recombinant protein
lost the phosphatase activity. However, after a refolding process
consisting of several steps of gradual dialysis to remove urea this
activity was recovered.
3.3. Characterization of the recombinant protein
The puriﬁed protein showed phosphatase activity with all the
nucleotides assayed (IMP, GMP, AMP, CMP  and UMP) and with
pNPP, a non-speciﬁc substrate used to assay alkaline and acid
phosphatases (Table 1). The resulted activity was similar with all
compounds assayed except for AMP  when pH 5.5 was used. With
AMP  as substrate the enzyme showed a different optimum pH, with
the maximum activity at pH 7.0. The activity in the presence of the
mentioned substrates was not inhibited by molybdate addition to
the assay mixtures.
The phosphatase activity of the puriﬁed recombinant protein
was determined in the presence of several nucleosides (Table 2).
The inclusion of adenosine led to the inhibition of the activity inde-
pendently of the substrate used, and the inhibition was  higher than
the obtained with other nucleosides (Table 2). Inhibition ratio was
similar independently of the nucleotides assayed (data not shown).
The recombinant protein was  unable to use ADP or ATP as sub-
strate, and these compounds did not show effect on nucleotidase
activity assayed with IMP  as substrate (data not shown). The inhi-
bition displayed by adenosine followed a dose-dependent curve,
with 50% inhibition at 0.2 mM adenosine (Fig. 3). Only some resid-
ual activity was  observed at high concentration of adenosine. The
same behaviour was  observed when nucleotidase puriﬁed from
embryonic axes was  assayed corresponding to an uncompetitive
inhibition type (data not shown).
3.4. Expression of the 5′-nucleotidase gene and nucleotidase
activity in French bean
Expression of PvNTD1 gene and nucleotidase activity were ana-
lysed in embryonic axes during germination and early seedling
development (Fig. 4). In the assay conditions, the radicle protru-
sion occurred in the second day after the start of imbibition. The
expression was negligible during germination (day 1), meanwhile
PvNTD1 mRNA expression was  detected at the moment of radi-
cle protrusion (day 2) reaching the maximum level at 3 days of
development (Fig. 4A). Nucleotidase activity, assayed with AMP  as
substrate, was  detected at 24 h after start of imbibition and the
activity increased with axes development (Fig. 4B), coincidently
with the ureide concentration (Fig. 4C).
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P. vulg ari s MDSGVC LLS-LL VAL--- -ST LSH VLSEPILRLPSE----KA ISSD----YCDS WRLAVETNNAGPWERVPANCVDFVAEYISGERYRRDCE 79
G. max MDSGAWLLFLVVVAV----STSGHIHSEAILRLPSES---EEISRD----YCDSWMLAVETNNAGTWNRVPASCVDFVAEYITGDRYRRDCD 81
C. arie tin um MDS VAR LTI ILF LS---- --LIGY ISSESIIRLPSE--- -KK ISG E----YCDS WRLAVETNNVGAWKQIPASCVDSVAEYMIGEQYKRDCD 78
M. trun cat ula MDT VAR LTI LLF IIS--- -SL IHH ISSSQT IRLPSE----AS IST S----YCDS WRLAVETNNVGQWKQIPARCVESVAEYMIGEKYESDCE 80
M. notabilis MAASDRFSVLAILFLFFLGQIP-NALPQSIIQISPR----NHRVSDQDLLYCDSWRFSVETNDAGFWPTIPKRCENYVENYVTGDRYRSDSE 87
P. pers ica MASSVH HLL FLIINLLI---IPTT LLSQSIIQMPPK--- -RH RITD-DNLYCDS WRFSVETNDAGTWTSIPSRCVAFVQDYMTGDRYLSDSA 84
F. vesc a MAS--AFLLLLIT-- -----IP-AALSHSILQFPHVSDY DRK LRAD-DNIYCDS WRFSVETNDAGSWDSIPSRCVAFVQDYMTGDRYASDSA 81
Motif I Moti f II
* *
P. vulgaris VVGNLSLAFARSVRLVGDGRDAWVFDIDETLLSNVPYYEDIGFGFEIFNETSFDAWVNSAAAPALVPNLILYNELKELGFRIFLLTGRSEYQ 173
G. max VIR NLSAAFAKS VGL AGDGRDAWVFDVDET LLS NVPYYQGVGFGSEIFNETSFDNWVDLAAAPALPAILSLYNELKELGFKIFFLTGRS EFQ 175
C. arietinum VVGEYSYEFAKRVAFGGDGRDAWVFDIDETLLSNVPYYKTVGFGSEFFNETSFNDWVKLADAPALPSSLSLYKKLLELGFRIFLLTGRSEYQ 172
M. trun cat ula VVGKFSAEFVKG VTV GGDGRDAWVFDIDET LLS NVPYYQDVGFGSKIFNETSFNDWVNLADAPALPASLSFYRKLQELGFTIFLLTGRS EHQ 174
M. nota bil is FVAGDSLAFVRS LQM NDDGKDAWIFDIDET LLS NLPYYEAHGFGAEVFDETPFDDWVDLAEAPALAASLSLYNELEQLGFKIFLLTGRS EYQ 181
P. pers ica AVANYSLSFARG VQI GGDGKDAWVFDIDET LLS NFPYYQAHGFGSETFDEASFDEWVDLAKAPALPASLKLYKELQELGFKIFLLTGRS EHQ 178
F. vesc a IVSNFSLAFGQG VKL GGDGKDSWVFDIDET LLS NLPYYQEHGFGAVTFDEVSFDKWVDLAEAPAIPASLSLYKGLQRLGFKIFLLTGRS EFQ 175
Motif III       Motif IV
P. vulg ari s RNATEANLMLSGYRNWERLILRES YDKGKPAISYKSEKREELENEGYRIHGSSGDQ WSD LWGYAVAARSFK LPN PMYYIP 251
G. max RNATETNLLLSGYRDWERLILRGSSDQGKPATTYKSEKRAELENEGYRIHGNSGDQ WSD LWGYAVSARSFK LPN PMYYIP 253
C. arie tin um RNATETNLLFSGYRNWDRLILRGPYDQGKPAIR FKSEKREELVSEGYRIHGSSGDQ WSD LWGFAVASRSFK LPN PMYFIA 250
M. trun cat ula RNVTEANLLFAGYRNWERLILRGASDQGKSATSYKSEKRQELMSEGYRIHGSSGDQ WSD LWGYAVSTRSFK LPN PMYFIG  252
M. nota bil is RNATEKNLLYSGYKNWERLILRGPSDQHKPAIVYKSEKRSELVNEGYTIHGSSGDQ WSD LMGFAVAQRSFK LPN PMYYIA 259
P. pers ica RNATAKNLLYARYNNWERLLLRGPSDQGTTATVYKSEKRSDLINEGYRIHGSSGDQ WSD LLGFAVAQRSFK LPN PMYYIA 256
F. vesc a RNATVNNLVYSGYSDWERLLLRGPSDKGTLATEYKSKKRAELINEGFRIHGSSGDQ WSD LLGFAVARRSFK LPN PMYYIA 253
Fig. 2. Alignment of amino sequences of nucleotidase identiﬁed in Phaseolus vulgaris (XP 007152955.1), with the sequences from Glycine max (XP 003529064.1), Cicer
arietinum (XP 004513069.1), Medicago truncatula (AFK34288.1), Morus notabilis (EXC28686.1), Prunus persica (XP 007202474.1), Fragaria vesca (XP 004287494). Black boxes
indicate the amino acid residues that are identical in all sequences and grey boxes indicate the amino acid residues identical at least in ﬁve sequences. Grey boxes mark off
the  characteristic motifs, M (I), M (II) M (III) and M (IV) of the HAD superfamily (Burroughs et al., 2006). The stars identify the residues associated with the active site. Protein
sequences were retrieved from NCBI or Phytozome platforms and aligned using the ClustalW method.
Table 2
Effect of nucleosides in the recombinant phosphatase. The activity was determined with the indicated substrates in the absence (control) or the presence of the indicated
nucleoside. Activity in the absence of nucleoside was taken as 100%. Data are mean values (±SE) of four independent determinations. Different letters indicate statistically
signiﬁcant differences according to LSD analysis (P ≤ 0.05).
IMP  (5 mM)  GMP  (5 mM)  AMP  (1 mM)  p-NPP (5 mM)
Control 100 ± 9 (a) 100 ± 8 (a) 100 ± 7 (a) 100 ± 8 (a)
+  Inosine (0.2 mM)  89 ± 10 (ab) 79 ± 9
+  Adenosine (0.2 mM) 32  ± 4 (c) 34 ± 4
+  Guanosine (0.2 mM)  79 ± 12 (b) 81 ± 9
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oig. 3. Inhibition by adenosine. Phosphatase activity was determined with 5 mM
MP  as substrate in the presence of the amount of adenosine indicated.
Expression level of PvNTD1 and nucleotidase activity was  also
nalysed in different organs of 28 days old nodulated common bean
lants (in the vegetative stage) and in pods of plants in the repro-
uctive stage (Fig. 5). PvNTD1 transcript was detected in all organs
nalysed, although its expression was particularly high in the devel-
ping leaves. A correlation of gene expression with nucleotidase
ctivity and ureide concentration has been found. Since PvNTD1
xpression was particularly high in youngest leaves, tissues with
igh demand of nutrients, nucleotidase was analysed through leaf
ntogeny process (Fig. 6). Data corroborated high expression level (b) 92 ± 8 (ab) 104 ± 9 (ab)
 (c) 32 ± 4 (c) 34 ± 6 (c)
 (b) 83 ± 8 (b) 86 ± 9 (b)
in youngest leaves with a decrease of gene expression through
leaf development (Fig. 6). The expression pattern of PvNTD1 was
coincident with the nucleotidase activity and ureide levels (Fig. 6).
4. Discussion
The French bean is a legume that relies on ureide metabolism to
obtain its nitrogen when growing under nitrogen ﬁxing conditions.
The involvement of ureide in some important physiological pro-
cesses in French bean has been recently studied (Raso et al., 2007;
Quiles et al., 2009; Alamillo et al., 2010; Diaz-Leal et al., 2012). The
ﬁrst step to ureide synthesis from purines is the removal of the
phosphate group. Nevertheless, the enzyme responsible for this
step has not been properly identiﬁed to date. The difﬁculty to iden-
tify the function of each acid phosphatase is the large variety of
phosphorylated substrates that can use these phosphatases (Duff
et al., 1994) as well as the large number of enzymes present in
plants. Several acid phosphatases that can metabolize nucleotides
have been described in ureide legumes (Penheiter et al., 1997;
Ferreira et al., 1998; Garcia et al., 2004; Yoneyama et al., 2004; Liang
et al., 2010), although only the phosphatase activity from soybean
nodules shows high afﬁnity for nucleotides (Penheiter et al., 1997).
The information regarding the genes encoding nucleotidases
in plants is very scarce, besides availability of whole genome
sequences in some species. The use of databases may  allow the
identiﬁcation of conserved domains that can be the only evi-
dence to identify the cellular or molecular function of a protein
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Fig. 4. Relative expression levels of PvNTD1, nucleotidase activity and ureide con-
centration in embryonic axes during germination and early seedling development.
A) PvNTD1 gene expression analysis was performed using real-time qRT-PCR on total
RNA samples extracted from embryonic axes of French bean at the time after start
of  imbibition indicated. Each value was normalised with the relative level of expres-
sion of the actin-2 gene. Primers used for PCR analyses are indicated in Material and
Methods section. B) Nucleotidase activity was  determined with AMP  as substrate
and in the presence of molybdate from crude extracts obtained from the same plant
material. C) Ureide concentration was  determined in the same plant crude extract.
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Fig. 5. A) Relative expression levels of PvNTD1, B) nucleotidase activity and C) ureide
concentration in different tissues of Phaseolus vulgaris adult plant were determined
as  indicated in Fig. 4. Different letters indicate statistically signiﬁcant differences
according to LSD analysis (P ≤ 0.05). Plant material was obtained from roots (R),alues are mean ± SE of three independent experiments, with two technical repli-
ates for experiment. Different letters indicate statistically signiﬁcant differences
ccording to LSD analysis (P ≤ 0.05).
Marchler-Bauer et al., 2011). In plants, the genes predicted to
ncode nucleotidases, on the basis of homology to the human or
ouse genes, have not been characterized. Therefore, we  designed
n approach to identify the nucleotidase gene through the analysis
f the protein previously puriﬁed. We  have puriﬁed and charac-
erised a phosphatase activity with high afﬁnity for nucleotides
Cabello-Diaz et al., 2012). The puriﬁed protein from French bean
eedlings has been identiﬁed by MALDI–TOF/TOF as an acid phos-
hatase. However, the puriﬁed protein had a molecular weight of
5 kDa (Cabello-Diaz et al., 2012), whereas the identiﬁed cDNA
odes for a 28 kDa protein. To obtain monomers in the puriﬁed pro-
ein, 8 M urea was added to the sample buffer before loading the
uriﬁed protein (Fig. 2).
The analysis of the amino acid sequence by using conserved
omain database and search service (v2.16) revealed the presence
f four conserved domains among the superfamily of “Haloacid
ehalogenase-like hydrolases”. In this group are found enzymes
uch as hydrolases, phosphatases, nucleotidases and several phos-
hotransferases (Bogan and Brenner, 2010). All of them contain
 nucleophilic aspartate in the phosphate transfer reaction. The
educed amino acid sequence of PvNTD1 showed the four char-
cteristic domains. The domains M(I) (DxDx[T/V][L/V/I]), M(II) (§stems (S), mature leaves(L–m), developing leaves (L–d) and mature pods (P) as
indicted in Section 2.
§  §  [T/S], being §  hidrophobic aminoacids), M(III) (K[§  §  §], being §
amino acids involved in an alpha-helix) and M(IV) (DD or GDx(3-
4)D), characteristic of the HAD superfamily (Burroughs et al., 2006).
However, neither the S motif (Px(7-8)[R/K]xGF[W/L]) described
for human nucleotidases (Rinaldo-Matthis et al., 2002) nor the
domains described for UMPH family (5′-nucleotidase for pyrim-
idines) have been identiﬁed in French bean nucleotidase. The
PvNTD1 gene product showed homology with vegetative storage
proteins (VSPs) in plants, which function as temporary nitrogen
storage in vegetative tissues. The VSP lack phosphatase activity
due to the absence of the nucleophilic Asp residue (Leelapon et al.,
2004), which is present in PvNTD1 sequence (Fig. 3). The deduced
amino acid for the PvNTD1 also showed identity to a new phos-
phatase acid induced by wounding and herbivore attack in hybrid
poplar (Veljanovski et al., 2010). The highest identity was  found to
the gene that codes for the protein puriﬁed from soybean nodules
(Penheiter et al., 1997).
The whole coding region of PvNTD1 was over-expressed as
recombinant protein in E. coli, although most of the protein was
associated with inclusion bodies. The denaturation with urea and
subsequent refolding yielded an active protein. The recombinant
protein showed phosphatase activity with similar properties to
those described for the protein puriﬁed from embryonic axes, i.e.
activity with all the nucleotides, the enzyme showed a optimum
pH of 7.0 with AMP  whereas with other nucleotides the maximal
activity was  obtained at pH 5.5, the activity was not unaffected
50 J.M. Cabello-Díaz et al. / Journal of Plan
R
el
at
iv
e 
m
R
N
A 
le
ve
l
0.0
0.1
0.2
0.3
0.4
0.5
0.6
N
uc
le
ot
id
as
e 
(U
/g
FW
)
0.0
0.1
0.2
0.3
0.4
0.5
0.6
Develop ing  stag e
I II III IV
U
re
id
es
 (
m
ol
s/
gF
W
)
0
1
2
3
4
5
6
A
B
C
a
ab
b
c
a
b
c
d
a
b
c
d
μ 
Fig. 6. A) Relative expression levels of PvNTD1, B) nucleotidase activity and C) ureide
concentration in Phaseolus vulgaris leaves during leaf ontogeny were determined
as  indicated in Fig. 4. Different letters indicate statistically signiﬁcant differences
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physiology. We  report here the identiﬁcation of a gene thatccording to LSD analysis (P ≤ 0.05). Plant material was obtained from the stages of
eaf development as indicated in Section 2.
y molybdate or by phosphate, whereas it was inhibited by adeno-
ine. These data indicate that the PvNTD1 gene encodes a functional
ucleotidase.
Nucleotidase activity in plant crude extracts has been deter-
ined with AMP  as substrate and in the presence of molybdate to
nhibit unspeciﬁc phosphatases. Among the nucleotides assayed,
MP  was hydrolysed more efﬁciently by the puriﬁed protein from
mbryonic axes since it showed the highest speciﬁc constant
Cabello-Diaz et al., 2012). Furthermore, it is of particular interest
hat the native enzyme showed an optimum pH of 7.0 for the activ-
ty with AMP, whereas the pH optima for other nucleotides ranged
etween 5.5 and 6.0 (Cabello-Diaz et al., 2012). Among nucleotides,
denine pool has some relevant physiological considerations. The
denine nucleotide pool is always the largest (Stasolla et al., 2003).
he adenylated compounds play important roles in many metabolic
athways of the plant and therefore, speciﬁc carriers are required
n nearly every organelle to connect the sites of their production
ith those of their consumption (Haferkamp et al., 2011). The novo
ynthesis of purines occurs on the plastids and it is postulated that
urines goes to the cytoplasm as AMP, being the precursor of the
est of purine nucleotides (Zrenner et al., 2006).
A physiological process where the nucleotides must be strictly
egulated occurs during germination and postgerminative growth
Möhlmann et al., 2010). In fact, the availability of nucleotides
uring early phases of imbibition seems to be critical for suc-
essful embryo germination (Stasolla et al., 2003). Nucleotides are
equired in bio-energetic processes for the mobilization of storaget Physiology 185 (2015) 44–51
products and as building blocks for nucleic acid synthesis in devel-
oping embryos (Stasolla et al., 2003). Therefore, during germination
a tight regulation between de novo, salvage and degradation path-
ways of both purines and pyrimidines must exits. During the ﬁrst
stages in germination, nucleotides are believed to be obtained from
nucleobases and nucleosides via salvage pathways (Möhlmann
et al., 2010). With the progression of germination, the nucleotides
synthesised de novo acquire relevance, since they are highly
required for nucleic acids synthesis in the dividing cells (Bewley,
1997). The identiﬁed PvNTD1 gene is induced during early seedling
development (Fig. 6A) and codes for a phosphatase with high afﬁn-
ity for nucleotides monophosphate (Cabello-Diaz et al., 2012). A
nuclease activity with high activity with single stranded DNA or
RNA is induced as well after radicle protrusion (Lambert et al., 2014)
in parallel with an accumulation of ureides and an induction of its
metabolism (Quiles et al., 2009). The nucleic acid stored during seed
formation could be a source for these nucleotides, and therefore
could be considered as a potential valuable phosphorous and nitro-
gen storage compound. This is particularly signiﬁcant for species
with large genomes, and for many plants with high DNA content
in seeds as result of endoreduplication, a process during which the
nuclei undergo repeated rounds of DNA replication without mito-
sis. Interestingly, P. vulgaris seeds contain endopolyploid nuclei in
cotyledons and embryonic axes (Rewers and Sliwinska, 2014).
The level of PvNTD1 expression and nucleotidase activity corre-
lated in tissues from mature plants with ureide levels (Figure 5).
In nitrogen ﬁxing conditions, French bean depends on ureide sup-
ply to obtain all the nitrogen required in developing tissues. French
bean shows maximum nitrogen ﬁxation levels at 28 days after sow-
ing, just before the onset of ﬂowering (Diaz-Leal et al., 2012). At that
point, nucleotidase activity and PvNTD1 gene expression were very
low in all tissues except in developing leaves. PvNTD1 expression
and nucleotidase activity were relatively high in developing fruits
as well (Figure 5), tissues with high metabolic rate and high demand
of nutrients, supplied in that case both by xylem and phloem. In
non-growing cells, the demand of nucleotides is very low and the
salvage routes may  be able to maintain their pool of nucleotides
with little de novo synthesis. However, in developing tissues, the
demand for nucleotides increase signiﬁcantly and de novo synthe-
sis of these compounds could be the main pathway used in growing
cells. The high level of PvNTD1 gene in early developing leaves,
could indicate its role in de novo synthesis pathway instead of the
degradative pathway. We  consider this a plausible hypothesis. The
cellular compartment where de novo synthesis of AMP  and the syn-
thesis of the other nucleotides might be different. For instance, de
novo synthesis of purines in chloroplast ended in IMP, which is con-
verted to AMP  to be exported to cytosol where other nucleotides are
synthesised. In other cases, since nucleosides and nucleobases are
more easily transported that nucleotides (Möhlmann et al., 2010;
Haferkamp et al., 2011), the diffusion and transport processes might
require dephosphorylation. Furthermore, it has been proposed that
even if adenosine is taken by the cells, it may  be also hydrolysed to
adenine within the cells to be further salvaged (Deng and Ashihara,
2010). The diversity of adenosine salvage in plant species is striking
(Deng and Ashihara, 2010) and it has been postulated that plants
might use speciﬁc purine pathways that differ to those described
in other species (Dahncke and Witte, 2013). Detailed studies on the
transport processes of nucleobases, nucleosides and nucleotides
across membranes as well as the subcellular localization of the
enzymes that convert them are needed.
The understanding of nucleotide metabolism in plants remains
very limited besides the crucial role of these compounds in plantencodes a nucleotidase representing the main activity able to use
nucleotides monophosphate in French bean embryonic axes during
early seedling development. This nucleotidase is a acid phosphatase
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chloroperoxidase activity. J. Biol. Chem. 279, 37477–37484.J.M. Cabello-Díaz et al. / Journal 
hat displays novel properties among its family, such as the lack
f inhibition by molybdate and the inhibition by adenosine. The
vNTD1 gene that codes for the nucleotidase is induced in tissues
ith high demand for nucleotides. Although we show evidence sug-
esting its role in the de novo pathway, further investigation needs
o be carried out to conﬁrm such statement.
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